A versatile solid-phase approach to sequence-defined polyamidoamines was developed. Four different Fmoc-polyamino acid building blocks were synthesized by selective protection of symmetrical oligoethylenimine precursors followed by introduction of a carboxylic acid handle using cyclic anhydrides and subsequent Fmoc-protection. The novel Fmoc-polyamino acids were used to construct polyamidoamines demonstrating complete compatibility to standard Fmoc reaction conditions. The straightforward synthesis of the building blocks and the high efficiency of the solid-phase coupling reactions allow the versatile synthesis of defined polycations.
Polyamines are involved in a number of biological functions such as neuromodulation, 1 cell proliferation, 2 and DNA condensation, 3 constituting important templates in drug design 4 and synthetic scaffolds in alkaloid and heterocycle synthesis. 5 Furthermore they are key components in the syntheses of gene delivery systems such as PAMAM dendrimers, 6 cationic lipids, 7 or linear poly-(amidoamines).
8 Poly(amidoamines) have received a lot of scientific attention because of their favorable properties regarding DNA compaction, 9 solubility, and biocompatibility as well as their favorable properties regarding hemolysis and cytotoxicity 10 compared to other commonly used polymers such as poly (L-lysine) 11 and
(1) Fiori, L. M.; Gustavo, T J. Psychiatry Neurosci. 2008, 33, 102-110. (2) Seiler, N.; Raul, F. resulting in a limited design space and products with a high degree of polydispersity.
A literature survey reveals that reports of the application of solid-phase chemistry to the synthesis of polyamidoamines are scarce and mostly deal with rather short target structures.
14 The only examples for the synthesis of longer, linear polyamidoamines by a solid-phase methodology were reported by Hartmann et al. 15 They employed a two-step condensation synthesis strategy characterized by an alternating assembly of the diacid succinic acid and diamines, which nicely demonstrated the feasibility of the approach. Our efforts to apply their strategy to larger oligoamines failed because of unexpected crosslinks which block further polymer extension (see Supporting Information) . In this letter we report a versatile synthetic route to fmoc-polyamino acid building blocks and their use in solid-phase poly(amidoamine) synthesis. Use of these building blocks greatly improves the versatility and efficiency of solid-phase poly(amidoamine) synthesis.
In designing oligoethylenimine based building blocks compatible with Fmoc-SPPS protocols we introduced the carboxylic acid function at a terminal amino group by ringopening acylation with cyclic anhydrides (Scheme 1). To prevent side reactions during building block synthesis and SPPS, the secondary amines of the oligoethylenimines had to be protected. The primary and secondary amines of the polyamine scaffold were differentiated by selective acylation of the primary amines 16 using ethyl trifluoroacetate. Secondary amines were protected as carbamates using ditert-butyl dicarbonate, allowing deprotection during global deprotection and cleavage from the resin. Alkaline hydrolysis of 3 and 4 yielded the corresponding Bocprotected diamines (5 and 6). The conversion of the symmetrical Boc-protected diamines into functionalized polyamino acids required a monoacylation in the first step, thereby differentiating the two amino functions. Desymmetrization reactions are by their nature low yielding and in the case of polyamines often involve laborious chromatographic purification procedures. We optimized a onepot strategy allowing introduction of the carboxylic acid function and subsequent fmoc protection of the remaining amino function. The yield limiting step was the desymmetrization reaction, so different reaction conditions were tested for an effective monoacylation. Acylation at -70°C using cyclic anhydrides followed by conversion into the Fmoc-derivative by Fmoc-OSu proved to be the most effective route to fully protected polyamino acids (7, 8, 9) . This synthetic route allowed the isolation of the polyamino acids at very convenient yields above 40% of purified polyamines substituted with aliphatic anhydrides. Other strategies (complexation using 9-BBN, desymmetrization using Fmoc-OSu or Fmoc-Cl) did not further improve the yield of desymmetrization. Despite modest yields, these syntheses were performed on 10-30 g scales. Use of phthalic anhydride resulted in a lower product yield (10), most likely because of the acid lability of the product.
Polyamidoamines (PAAs) 11-15 (Table 1) were synthesized as carboxamides using Rink MBHA resin, 17 preloaded with tryptophane as the first amino acid for an increased UV absorption of the products (Scheme 2). 16 was synthesized on a peptide synthesizer using a standard Wang linker, with manual introduction of the Stp units. A series of homopolymers (five repeating units) was synthesized to evaluate the coupling efficiency and overall performance of the different polyamino acid building blocks. The PyBOP/HOBt coupling and deprotection protocols used for the synthesis were described previously.
18 Characterization of the PAAs was done by high performance cation-exchange chromatography, 16b Building blocks containing aliphatic diacids as a spacer (7, 8, 9 ) displayed excellent coupling efficiencies and resulted in products (11, 12, 13 ) with a crude purity of >95% (exemplary HPLC traces are shown in Figure 1 ) after deprotection and cleavage from the resin. Building block 10, containing the phthalic acid spacer, demonstrated slightly positive Kaiser tests from time to time during the synthesis of its homosequence. This was observed independently from coupling time and used solvent. Despite this problem the purity of the crude product (14) was above 90% demonstrating the feasibility of the synthetic protocols.
After successful homosequence synthesis the three building blocks containing aliphatic spacers (7, 8, 9) were used to construct a mixed sequence with a branching point (15). The two-arm MAP-like 19 structure was synthesized by incorporation of N,N 0 -bis(fmoc)lysine as a second amino acid. The increased sterical demands enforced by the branching point and the combination of the different building blocks had no apparent influence on product quality.
To evaluate the use of the polyamino acid building block in a more complex protection group scheme as routinely applied in standard solid-phase peptide synthesis, we chose the moderately hydrophobic, EGFR targeting peptide GE11 20 and modified the sequence with two N-terminal Stp units. The peptide precursor was synthesized in a completely automatic fashion, checked for purity using RP-HPLC (see Supporting Information), and modified with two N-terminal Stp units. IEX-HPLC of 16 showed a purity >95% similar to the result of the RP-HPLC run of the unmodified peptide. These results demonstrate the compatibility of the building block with automated peptide synthesis and with the typically used protection schemes in Fmoc SPPS.
In summary, a versatile and straightforward route to oligoethylenimine-based Fmoc-polyamino acids was developed, allowing a multigram synthesis of orthogonally protected, cationic building blocks for Fmoc-SPPS. Use of these building blocks in solid-phase synthesis showed full compatibility with standard fmoc SPPS protocols and the excellent purity of the resulting poly(amidoamines). Linear and branched sequences can be synthesized, optionally fused with natural peptide sequences. The convenience of the presented strategy has recently been proven in the synthesis of a library of >300 defined polycationic carriers for nucleic acid delivery 21 including very efficient plasmid DNA and siRNA carriers (Schaffert et al., manuscript in preparation) . The novel building blocks may also find use in the synthesis of peptides with increased positive charge density. 
